Maintaining musculoskeletal function for the maximal period of time, and preventing musculoskeletal disorders are important aspects of healthy ageing, enabling people to remain active and independent for longer.(1, 2) Worldwide, musculoskeletal disorders rank second in years lived with disability and fourth in disability-adjusted life years. ( 2) The role of muscle mass, strength and metabolic function is recognised for these disorders, and is becoming more widely appreciated in cardiovascular and other chronic diseases. (3, 4) Hand grip strength is a commonly used indicator of muscle strength; (5) and an overall biomarker of ageing. (6) (7) (8) Average levels rise to a peak during the early 30s, plateau and then decline. (9) (10) (11) Weaker grip is associated with future morbidity, disability and mortality across populations of different ages, ethnicities and income levels, (4, (12) (13) (14) (15) (16) (17) (18) as is decline in grip strength. (19, 20) Adult risk factors, including height and adiposity, health conditions, cognition and health behaviours, have been associated with subsequent grip strength, (21, 22) and with age-related decline. (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) Developmental factors, such as birthweight, physical growth, motor and cognitive development, and childhood socioeconomic conditions are also related to adult grip strength. (35, 36) but evidence on whether they are associated with agerelated decline is limited. (34, 37, 38) A research gap is to understand whether developmental factors operate on the rate of decline in grip strength independently or on the same pathway/s as these adult factors to inform the timing and types of interventions that may modify this decline. Using three repeat measures of grip strength ascertained from age 53 to 69 years in a British birth cohort, we tested two hypotheses: (1) that higher birthweight, greater gains in height and weight during childhood and adolescence, and earlier puberty are associated with a greater grip strength but not its decline; and (2) that achieving motor milestones early or around the modal age, and higher childhood cognitive ability and SEP, are associated with greater grip strength and a slower rate of decline. Further, we expected that any associations between indicators of physical growth and grip strength to be mediated by adult health conditions and body mass index (BMI), and that any associations between motor and cognitive development, childhood SEP and grip strength to be mediated by education and adult cognition.
METHODS

Sample
The Medical Research Council National Survey of Health and Development (NSHD) is a sample of all births in one week in March 1946 in mainland Britain comprising 5,362 (2,547 female) individuals followed up 24 times, so far to age 69. (39) The maximum sample for these analyses comprised 3,058 participants with at least one measure of grip strength at ages 53, 60-64 or 69 years and known adult height and birthweight. Of the remaining 2,304 in the original birth cohort, 738 had died, 542 were living abroad, 270 had been lost to follow-up, and 166 had not provided all necessary data. Ethical approval for the most recent visit was given by Queen Square Research Ethics Committee (13/LO/1073) and Scotland A Research Ethics Committee (14/SS/1009). Written informed consent was provided by participants for each visit.
Grip strength
During nurse assessments at ages 53 and 60-64, grip strength was measured in kilograms isometrically using a Nottingham electronic handgrip dynamometer; during a nurse home visit at age 69, a Jamar Plus+ Digital Hand dynamometer was used. A randomised repeatedmeasurements cross-over trial found no statistically significant differences in values when comparing these two devices. (40) We applied the same standardised protocols and used the maximum of the first four measures (two in each hand) at each age.
Childhood factors
Birthweight: Birthweight, extracted from birth records to the nearest quarter pound, was converted to kilograms. Motor and cognitive development: Age (in months) at first sitting, standing and walking was based on maternal recall at age 2. At age 15, a standardised measure of childhood cognitive ability was derived from the Heim AH4 test of fluid intelligence, the Watts Vernon reading test and a test of mathematical ability. (43, 44) Standardised scores from similar tests at ages 11 or 8 were used if missing at age 15 as participants maintained similar ranking across time.
Childhood SEP: Father's occupation at age 4 (or at age 11 or age 15 if missing at age 4), based on the Registrar General's Social Classification, distinguished three groups: high (I or II), middle (IINM or IIM) and low (IV and V).
Adult factors
Height and adiposity: At ages 53, 60-64 and 69, height (cm) and weight (kg) were measured using standard protocols and BMI (kg/m 2 ) was calculated; standardised scores were used in analyses. (33) and whether men had stronger grip but a faster rate of decline than women, as expected. (23, 28, 29, 33, 37, 46, 47) In the main analysis, models were run separately for men and women because of evidence of sex interactions with age and other covariates; these are reported where statistically significant. All models were adjusted for height, with change in grip strength modelled by a linear age term, and with the intercept and slope fitted as random effects. We also tested for age interactions with each of the risk factors, including those significant at the 0.1 level in models.
To investigate developmental risk factors and grip strength, we first investigated separately the associations with birthweight, physical growth, motor development, cognitive development and childhood SEP. For physical growth, we included all SITAR parameters in the same multilevel models. For motor development, we ran models for age at first sitting, standing and walking, first separately and then mutually adjusted.
Then we took the developmental factors associated with grip strength at the end of the first stage of the analysis and adjusted in turn for each group of adult factors, having shown in supplementary analyses how they were associated with grip strength.
In sensitivity analyses, to assess potential bias introduced by: (a) excluding those participants with no valid observations who were unable to perform the test for health reasons, and (b) mortality or other attrition during follow-up, we reran the multilevel models
(1) giving a value representing the midpoint of the lowest sex-specific fifth of grip strength to participants unable for health reasons (n=29, 81 observations); and (2) including binary indicators for mortality (n=287) and attrition (n=601). (27, 48) 
RESULTS
Characteristics of the sample and preliminary analyses
Mean levels of grip strength, birthweight, and adult height were greater in men than women;
women had more health conditions and lower SEP than men (Table 1) . Mean grip strength declined between ages 53 and 69 by 7.5kg for men and 3.6kg for women; thus the difference between men and women attenuated over time, although the mean sex difference remained substantial at age 69 (16.1kg) ( Table 1) . Preliminary multilevel models confirmed that adult height was strongly associated with grip strength (3.2 kg, 95% confidence interval (CI) 2.8,3.5 per 1SD increase in height, p=<.001) and remained constant with age, and that men had stronger grip and a faster rate of decline than women (p-value<.001 for sex interaction with height).
Developmental risk factors: multilevel models
In models adjusted for adult height and age, there were positive associations between birthweight and grip strength which were stronger in men than women and remained constant with age (Table 2a ). In men, having a greater weight between birth and 26 years, and a later puberty (as indicated by a positive coefficient for height tempo) was associated with stronger grip. In women, shorter height, greater weight and a slower weight velocity between birth and 26 years were associated with stronger grip (Table 2b) .
Later ages of attaining infant motor milestones (for sitting, standing and walking) were associated with weaker grip which remained constant with age (Table 2c -e). The only exception was the inverse U-shaped relationship between age at first walking and grip strength in men. When all three motor milestones, together with height were included together, only the inverse U-shaped relationship between age at first walking and grip strength (for men) and the inverse association between age at first standing and grip strength 1 0 (for women) remained (Supplementary Table 1) ; so only these variables were carried forward.
In men, there was an inverse U-shaped relationship between childhood cognitive ability and grip strength at age 53 (Table 2f ). The age interaction terms show that the linear term strengthened (by 0.067kg/year, 95% confidence interval (CI) 0.024, 0.11 per 1SD, P=0.003) and the quadratic term became weaker with age, such that men of higher childhood cognition showed a slower decline in grip strength ( Figure 1 ). In women, higher childhood cognitive ability was associated with stronger grip and this remained constant with age.
There was no association between childhood SEP and grip strength in men (Table 2g ).
However, in women there was weak evidence that the association grew stronger with age;
women from social classes IV and V showed a faster decline in grip strength ( Figure 2 ).
Mutual adjustment of birthweight, physical growth, age at walking (men), age at standing (women), and cognitive development and childhood SEP identified the factors most associated with stronger grip. In men, these were higher birthweight and childhood weight, later puberty, the non-linear relationship with age at first walking and the non-linear relationship with childhood cognition which became increasingly linear with age (Table 3 ).
In women, these were earlier age at first standing, and higher childhood cognition; the estimates for the growth parameters were somewhat reduced in this sample with complete childhood data (Table 4) .
Which adult factors account for the associations between developmental factors and grip strength?
All adult covariates were associated with adult grip strength (supplementary Table 2a -g). Of particular relevance for our hypotheses, higher BMI was associated with stronger grip for men (but not women) and this association levelled off at higher levels of BMI and became weaker with age. Having more health conditions was associated with lower grip strength; for men this association strengthened with age but for women it weakened. Higher educational levels were associated with stronger grip, especially among women. The association between verbal memory and grip strength was slightly negative in men and not evident in women at age 53 but grew stronger and positive with age (by 0.10kg/year, 95% CI 0.061,0.15 per 1SD, P <0.001) .
In men, the estimates for birthweight, height tempo and weight 0-26 years changed little after adjusting in turn for each adult factor with the greatest reduction in the estimate for birthweight occurring when health conditions were included in the model (Table 5 ). In contrast, the increasing association between childhood cognitive ability and grip strength with age was strongly attenuated by including verbal memory and a verbal memory by age interaction in the model (Table 6 ); other adult risk factors had much less impact. The estimate for age at walking was lower in the sample with complete data on adult covariates; however this lower estimate was little affected by adjusting for adult factors (Supplementary Table 3 ).
In women, the association between childhood cognitive ability and grip strength was reduced by several adult factors, but especially by educational level (Table 7) . However, the inverse association between age at first standing and grip strength in women was not reduced by any of the adult factors. growth, in terms of heavier birthweight and later puberty and greater weight throughout the growth period was associated with stronger grip in men, and these effects were robust to adjustment for adult factors. 'On time' motor development for males and advanced motor development for females were associated with stronger grip which were unexplained by adult factors. Childhood cognitive ability was associated with stronger grip (women) and a slower decline in grip strength (men) during that same life stage; these associations were mediated by later education, or adult cognition.
Comparisons between studies are difficult because different methods have been used to assess decline in grip strength, not all analyses adjust for current adult height, and few studies have developmental data. Some studies have only two grip assessments, (25, 30, 33, 34, 49) or take the difference between the average of several later assessments from the average of several earlier assessments: (32) The constant effect of birthweight on adult grip strength is consistent with a metaanalysis;(53) this showed a larger estimate for men than women (as this study found) but the sex interaction was not significant. The persistence of the birthweight -grip strength association is worth noting given that more proximal factors may come into play as people age which could have diminished this association. The persisting associations between growth parameters, motor milestones and grip strength are novel findings, and build on previous NSHD work relating to grip strength at age 53,(51) and bone phenotype at age 60-64. (42, 54) Later puberty (in men) was associated with stronger grip, yet earlier puberty was associated with greater areal and volumetric bone mineral density in this cohort,(42) perhaps due to the differential impact of hormonal regulation. Nevertheless, we found that, controlling for contemporaneous body size, greater weight and slower weight velocity throughout the growth period was associated with both greater grip strength and greater bone size, (41) suggesting an extended growth period may benefit both. This could also be the explanation for the persisting associations between motor milestones and grip strength and, in women, for the inverse association between height during growth and later grip strength, after controlling for adult height.
While the associations between physical growth and grip strength were generally independent of adult covariates, the number of health conditions attenuated the birthweight effect more than other covariates. Lower birthweight is predictive of CVD and diabetes, (55) However we did investigate whether each association strengthened or weakened with age.
Inevitably there were missing data but neither accounting for deaths and attrition, nor including those unable for health reasons, altered our findings.
In conclusion, patterns of early growth, attainment of motor milestones, and lifetime cognition have persisting associations with grip strength between midlife and old age, even after taking account of adult body size, health conditions and health behaviours. The impact of neural processes strengthened over this stage of life suggesting that at older ages grip strength increasingly reflects both physical and cognitive ageing processes. Interventions that promote muscle development by targeting the developmental factors identified in this study, or maintain peak muscle strength across midlife, by also targeting adult risk factors should increase the chance of an active and independent old age. 
